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SUMMARY

The oxidative stability of attrition-milled silicon powder under reaction-bonding processing conditions has been
determined. The investigation focused on the effects of surface area, polymer char, preoxidation, nitriding environment,
and a transitional metal oxide additive (NiO) on the nitridation kinetics of attrition-milled silicon powder compacts
tested at 1250 and 1380 for 4 hr. Silicon powder was wet-attrition-milled from 2 to 48 hr to achieve surface areas
(SA's) ranging from 1.3 to 63 #g. A silicon powder of high surface area (63ghwas exposed for up to 1 month to
ambient air or for up to 4 days to an aqueous-based solution with the pH maintained at 3, 7, or 9. Results indicated that
the high-surface-area silicon powder showed no tendency to oxidize further, whether in ambient air for up to 1 month
or in deionized water for up to 4 days. After a 1-day exposure to an acidic or basic solution, the same powder showed
evidence of oxidation. As the surface area increased, so did the percentage nitridation aftey &t Hi2B0Nor
1350°C. Adding small amounts of NiO significantly improved the nitridation kinetics of high-surface-area powder
compacts, but both preoxidation of the powder and residual polymer char delayed it. Conversely, the nitridation
environment had no significant influence on the nitridation kinetics of a high-surface-area powder. Impurities present in
the starting powder, and those accumulated during attrition milling, appeared to react with the silica layer on the surface
of silicon particles to form a molten silicate layer, which provided a path for rapid diffusigmud Enhanced the
nitridation kinetics.

1. INTRODUCTION

Reaction-bonded silicon nitride (RBSN) has long been considered a candidate material for hot-section structural
components in advanced heat engine applications [1,2]. This material is typically fabricated by first consolidating 3- to
50um sized commercially available silicon powders into a desirable shape. Then the shaped object is nitrided between
1350 and 1456C in N,(g) or in a N-H,(g) environment for 50 to 100 hr [3]. The main attributes of RBSN are ease of
fabrication, near net shape capability, high creep resistance, high-temperature strength, and low density. In spite of
these advantages, RBSN is not used for commercial applications because of its low fracture strength at room temper-
ature, low fracture toughness, and high internal oxidation rates between 800 afi@ 1A@Bough its strength
properties can be improved by controlling the processing variables and post-fabrication treatments [4], and its internal
oxidation problems can be alleviated by chemically vapor depositing a dense laydr, of By infiltrating the porous
body with a SN,-yielding polymer [5,6], its fracture toughness cannot be altered to any perceptible degree by
conventional processing methods. A possible way to solve this problem is to reinforce the RBSN with ceramic fibers.
Previous studies have shown that strong and tough SiC/RBSN composites can be fabricated by reinforcing RBSN with
1444um-diameter SiC fibers [7]. Although this composite has been used as a model system to study structure and pro-
perty correlation, it cannot be used for high-temperature applications for two reasons: (1) it has limited shape capability
because its large diameter fibers cannot be bent to a radius less than 12 mm; and (2) it is prohibitively expensive to
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machine complex-shaped components from a composite block. Both of these problems can be overcome by choosing
small diameter (~14m) SiC fibers as a reinforcement.

Because of SiC fiber degradation [8], the traditional processing methodology and nitridation cycles used for
monolithic RBSN cannot be utilized in the fabrication of small diameter SiC-fiber-reinforced RBSN composites. Also,
fabrication of high-volume-fraction composites from commercially available silicon powders ranging in diameter from
3 to 50um is difficult, since interfiber distances are typically less thamin composites containing fiber fractions
greater than 20 percent. Therefore, the fabrication of second generation RBSN composites with small diameter SiC
fibers requires the use of submicron silicon powders and a shorter, lower temperature nitridation cycle that is benign to
commercially available SiC fibers.

Submicron silicon powders have been processed by a variety of processing routes; namely, laser synthesis of silane
and hydrogef®], and attrition or jet milling of commercially available silicon powders [10]. Sheldon and Haggerty
[11] have reported that very high purity submicron-sized silicon powders have a tendency to agglomerate and are
difficult to disperse in the organic liquids typically used in RBSN processing. They also showed that laser-synthesized,
very high purity submicron-sized silicon powders having no (or only a fractional monolayer of) silica are prone to
oxidation during air exposure and in contact with many of the polymer binders used in processing RBSN. In addition,
they reported that oxidation of these powders can delay or even completely stop the nitridation reaction, depending on
the degree of oxidation. Thus, these powders should be handled in an inert environment until nitridation, which imposes
severe restrictions on their use for industrial-scale processing. On the other hand, the oxidative stability and the
nitridation kinetics of submicron silicon powder obtained by milling commercially available silicon powder are not
fully understood.

The objectives of this study were several: first, to determine the influence of surface area on the nitridation kinetics
of attrition-milled silicon powder compacts; second, to study the oxidative stability of high-surface-area powders in
ambient air and under RBSN processing conditions, which includes exposure to agueous-based solutions and polymeric
binders; and third, to determine the effects of carbon char, preoxidation nitridation environment, and a nitride-
enhancing additive (NiO) on the nitridation kinetics of high-surface-area powder compacts.

2.0 EXPERIMENTAL PROCEDURE

Commercial silicon powder (Sicomill grade-1V supplied by Kemanord, Ljungaverk, Sweden) was used for this
study. The as-received silicon powder was attrition-milled to reduce its particle size and, hence, to increase its surface
area. A silicon nitride grinding medium was used to carry out the milling at room temperature for 2, 8, 32, and 48 hr,
with Stoddard (kerosene-based fluid) as the grinding fluid. The weight ratio of silicon powder to grinding medium was
~40. The attrition milling was accomplished by using the procedure detailed in reference 10. Afterwards, the excess
grinding fluid was siphoned off from the grinding vessel. Then, the silicon slurry was poured into a rectangular pan and
dried for 24 hr in a vacuum oven set at 830 The dried powder was transferred to a glass jar and stored in a glovebox
that was purged continuously with high purity nitrogen.

The impurities in and particle size range and specific surface area of the silicon powders were determined,
respectively, by wet chemistry, laser light scattering (Microtrac, Model 7991), and three-point Brunauer-Emmett-Teller
(BET) adsorption (Micromeritics, Model ASAP 2010) techniques.

Some batches of the 48-hr-attrition-milled silicon powders were exposed to ambient air for 1 hr, or for 1, 7, or
30 days. Other batches were exposed to water-based solutions maintained at a pH of 3, 7, or 9 for 1 or 4 days. The pH
of the solutions was adjusted with sulfuric acid or ammonium hydroxide. After exposure the powders were thoroughly
rinsed with deionized water until no acidic or basic residue remained on the surface of the powder.

The silicon compacts, 12.7 mm in diameter and 2 to 3 mm thick, were prepared by uniaxially pressing attrition-
milled silicon powder in a stainless steel die at 70 MPa. The compacts were ~45 percent dense compared to the
theoretical density of silicon (2.33 g/9miTo determine the influence of carbon char on nitridation kinetics, the 48-hr-
attrition-milled silicon powders were blended with 15 wt% polybutyl methyl acrylate (PBMA, Aldrich Chemical Co.
Milwaukee, WI) or with 10 wt% carbon black with an SA of 360gntRegal 330 GP3094, Cabot Corporation,

Waltham, MA).

The silicon compacts were nitrided for 4 hr at 1250 or 2850 a thermogravimetric analysis unit (Netzsch,

Model 429/409) equipped with a tungsten-element furnace. The nitriding atmospheres were fld@hg99 wt%),
N,+4%H,(99.99 wt%), or W5%NH, (99.99 wt%). These gases were percolated through several cartridges of gettering
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agents to reduce oxygen and water vapor content to less than 10 ppm. After gettering, these gases typically contained 3
to 4 ppm of water vapor and oxygen.
Following nitridation, the compacts were analyzed for impurities and phase composition by wet chemistry and
X-ray diffraction (XRD), respectively. Standard powder diffraction equipment with a nickel filter and copper K
radiation was used at a scanning speed of 1 deg/min for the XRD runs.

3.0 RESULTS

The patrticle size, surface area, and impurity analysis of the as-received and 2-, 8-, 32-, and 48-hr-attrition-milled
silicon powders are shown in Tables | and Il. According to Table I, the as-received silicon powder contained iron and
oxygen as major impurities. As the attrition-milling time increased, the average patrticle size decreased and the surface
area increased, as expected, but the amounts of yttrium, aluminum, and oxygen impurities also increased. The amount
of yttrium and aluminum impurities varied with the attrition milling time and reached values of ~700 and 200 ppm,
respectively, for the 48-hr-attrition-milled powders. The source of these impurities wadNthgrigding medium,
which contained 6 wt% 0, and 2 wt% AJO, as sintering additives.

3.1 Effect of Air and Solvent Exposure on 48-hr-Attrition-Milled Silicon Powder

Table 3 shows the oxygen content of the 48-hr-attrition-milled silicon powder batches (SAYg)a3efore and
after exposure to ambient air for up to 1 month and to water-based solutions with the pH maintained at 3, 7, or 9 for up
to 4 days. It is obvious from the table that the weight percent of oxygen present in the as-milled silicon powder exposed
to air for up to 1 month or to deionized water for up to 4 days is similar to that of the unexposed as-milled powder.
However the as-milled silicon powders exposed to acidic (pH ~3) and basic (pH ~9) solutions show higher oxygen
values after a 4-day exposure than do the as-milled silicon powders.

3.2 Effect of Surface Area on Nitridation Kinetics

We determined the nitridation kinetics for compacts prepared from the as-received silicon powder and those
attrition-milled for 2, 8, 32, and 48 hr. The surface area of these powders, ranging from 1.3/¢p 68uended on the
attrition milling time. Figure 1 shows typical nitridation behavior of the as-received powder and the powder attrition-
milled for 8 or 48 hr and nitrided in,Bit 1250 or 135€C for 4 hr. As the nitridation reaction progressed, the weight
increased because silicon was converted to silicon nitride, but small amounts of silicon also evaporated as SiO(g) or
Si(g), which resulted in weight loss. In the percentage nitridation plots shown in Fig. 1, the evaporation of these gaseous
species during the reaction was not taken into account. It is clear from these figures that there are three regions of
nitridation behavior: an induction period, a rapid nitriding period, and a nitridation saturation period. As the grinding
time increased—in other words, as the surface area of the silicon powder increased—the slope of the second region and
the percentage of silicon nitrided in 4 hr also increased.

Figure 2 shows how percentage nitridation varies with surface area for the silicon compacts nitrided at 1250 and
1350°C for 4 hr. Two main conclusions can be drawn from this figure: (1) as the surface area of the powder increases,
the percentage of silicon converted to silicon nitride also increases; (2) at the higher nitridation temperature the con-
version rate is higher, especially for powders with a low surface area.

The phase and oxygen analysis of the nitrided as-received and attrition-milled silicon powder compacts are sum-
marized in Tables IV and V. These tables clearly demonstrate that as the surface area increases thea®igupts of
andp-Si,N, in the compacts nitrided at each temperature increase continuously, but theoé@iSid, decreases,
except in the case of the 63/gasilicon powder compact nitrided at 13%0. At a given nitridation temperature, the
ratio of oxygen after nitridation to that before nitridation (referred to in the tables as the oxygen ratio) remains nearly
the same with increasing surface area, but decreases with increasing temperature of nitridation. The compacts prepared
from the highest surface area (63gnpowder and nitrided at 135Q for 4 hr contained an oxynitride phase and
lower amounts ofi-Si,N, than the compacts prepared from most of the lower surface area powders nitrided under
similar conditions. Tables IV and V also show that the total weight gain after the 4-hr nitridation at each temperature
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also increased with increasing surface area. However, the maximum weight gain seen in the compacts nitrided to

90 percent or greater conversion is ~36 wt%, which is much lower than the theoretical value of 66 wt%. The
discrepancy in the weight gain is partially due to the loss of silicon as SiO and silicon gas, and to the greater amounts
of amorphous silica present in the finer powder, which did not nitride completely.

3.3 Effects of Nitridation Environment on Nitridation Kinetics

The influence of the nitridation environment (namely, NI+4%H,, or N+5%NH,) on the nitriding kinetics of
attrition-milled silicon powders (SA’s = 9.6 and 62g) was investigated at 1250 and 1380(Figs. 3 and 4). The
lower surface area powder was specifically chosen because the literature mentions the use of such powders for investi-
gating the influence of the nitridation environment on nitridation kinetics. In general, addiniyH, to N, enhanced
the nitridation kinetics of the low-surface-area powder, but had no significant influence on the high-surface-area
powder. Results are summarized in Tables VI and VII for the low- and high-surface-area powders, respectively. At a set
nitridation temperature, the low-surface-area powder nitrided yeMied a consistently low@Si,N, content than
a-SiN, content, and a lowerp3 ratio than did the same powder nitrided ig#8H, or in N+5%NH,. Conversely, the
high-surface-area powder nitrided at 1280yielded nearly the santeSi,N, content an@v ratio irrespective of the
nitriding environment. At 135€C, the nitriding environment again had no effect, buttt8N, content andvj3 ratio
were lower than those observed at 1250

3.4 Effect of Transitional Metal Impurities on Nitridation Kinetics.

To understand the influence of transitional metal impurities on the nitriding kinetics, attrition-milled silicon
powders having a nominal surface area of ~68 mere blended with 0.5, 1.5, and 3.0 wt% NiO powder and pressed
into pellets as usual; then they were nitrided at 1250 and k3%®nitrogen for 4 hr. Figure 5 depicts the typical
nitridation behavior of compacts with and without 3 wt% NiO at 1Z500bviously, NiO-containing compacts show
faster nitridation initially, but after 4 hr the percentage nitridation is nearly the same as for those without NiO. Since the
as-received silicon powder contained a small amount of iron impurities, and since iron is also known to enhance nitrid-
ation kinetics [3], the nitridation data of high-surface-area silicon powders containing different levels of NiO additive
was plotted to reflect the combined effects of the iron and nickel impurities. Figure 6 shows the percentage nitridation at
1250 and 1350C for compacts whose total iron and nickel impurities varied from 200 ppm to 3.0 wt%. This figure
indicates that to fully nitride the silicon compacts at 1250 and A35€ombined iron and nickel impurities of ~0.6
and ~0.4 wt%, respectively, are required. The phase analysis results of the NiO-containing compacts nitrided at 1250
and at 1350C indicate that thein-Si,N, andp-Si,N, contents are similar to those in compacts without NiO, under
similar nitridation conditions. On the other hand, chemical analysis indicated an oxygen ratio of ~0.5 for compacts
containing ~3 wt% NiO that were nitrided at 1280 which is much lower than the 0.75 measured for compacts that
contained no NiO but were nitrided at the same temperature. A similar trend was also noticed for compacts nitrided at
1350°C with and without NiO.

3.5 Effect of Carbon Impurities on Nitridation Kinetics

Fugitive polymer binders are generally used in ceramic processing to facilitate consolidation of a ceramic powder.
When ceramic powder compacts containing a polymer binder are heated in an inert environment, they leave small
amounts of carbon char (<5 wt%) in the material. To evaluate the effect of carbon char and carbon on the nitridation
kinetics, 48-hr-attrition-milled silicon powder was mixed with 15 wt% PBMA binder or 10 wt% carbon black.

Pyrolysis of the 15 wt% PBMA-containing powder at 53@0in vacuum yielded ~2 wt% carbon char. To investigate

the nitriding kinetics of silicon compacts containing the two different levels of carbon, the compacts were heated at
1250 or 1350C in nitrogen for 4 hr. The results are shown in Fig. 7 along with the nitridation data previously
presented for the silicon powder compacts without carbon char. It appears from the data that carbon generally retards
nitridation in the early stages. The type of carbon also appears to affect nitridation kinetics; the carbon char from the
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PBMA polymer delays the initiation of nitridation much more than carbon black does. However, after 4 hr the percent
nitridation with and without carbon char is nearly the same.

3.6 Effect of Preoxidation on Nitridation Kinetics

Previous results showed that high-surface-area silicon powders are susceptible to further oxidation when exposed
to acidic or basic solutions. To study the influence of oxidation on nitridation kinetics, the 48-hr-attrition-milled silicon
powder compacts (SA = 63°y) without additives were first oxidized in air to 5 or 10 wt% gain to grow an additional
layer of silica on the silicon. These compacts were nitrided or b a N+4%H, mixture at 1250 and 135C for 4 hr;
see Fig. 8. For comparison purposes, the figure also includes the nitridation kinetics of unoxidized silicon compacts.
Clearly, as the degree of preoxidation increases, the incubation period for the start of the nitridation reaction also
increases and the nitridation rate decreases. The nitridation rate of the 5-percent-oxidized compacts njtvided in N
generally lower in the initial stages, but after 4 hr, the percentage convertdd, tegghed a level similar to that of the
unoxidized powder. The 10-percent-oxidized compacts, on the other hand, were only partially nitridéd timeN
N,+4%H, environment, however, both the 5- and 10-percent-oxidized powder compacts were significantly nitrided,
although the nitridation rate in the initial stages was slower. Neither the oxidation of the powder nor the addition of H
to the nitrogen had an appreciable effect orotfeatio of the nitrided compacts.

The influence of a nitride-enhancing additive on the nitridation kinetics of preoxidized silicon compacts similar to
those just discussed was also investigated. Figure 9 shows the nitridation kinetics of preoxidized silicon powder com-
pacts containing 3 wt% NiO at 1280 in N,, along with the nitridation data of an unoxidized compact containing the
same additive. By comparing Figs. 8 and 9, we see that the retardation of the nitridation reaction due to preoxidation
can, to a great extent, be overcome by adding a nitridation-enhancing additive.

4.0 DISCUSSION

According to Tables | and Il, both the as-received and attrition-milled silicon powders contained iron (~200 ppm)
as a major metallic impurity. Also, as the attrition-milling time increased, so did the specific surface area and the
oxygen content of the powder. From this, we can conclude that attrition-milled silicon powders are partially oxidized
and contain a native silica layer on their surfaces. Furthermore, with increased milling time, the wearNf the Si
milling medium caused extraneous impurities such as yttrium and aluminum to accumulate in the silicon powder.

Although the 48-hr-attrition-milled powders have a high surface area’(§B they do not appear to readily
oxidize in ambient air. From a practical point of view, these data suggest that such powders can be stored for a long
time without further oxidation. After prolonged exposure in agueous-based slurries, however, these powders show a
tendency to oxidize further. This suggests that these slurries have a limited shelf life. Insofar as nitridation is concerned,
the silica layer on silicon powder is known to act as a barrier. Unless this layer is removed or disturbed, nitridation may
not start.

The mechanism of nitridation and the effects of the nitridation environment and the transition metal impurities on
the nitridation kinetics of relatively pure silicon powder containing a thin (<3 nm) native surface silica layer are reason-
ably well understood [3,12-14]. Both thermodynamic analysis [3,14] and experimental data [12,13] indicate that
nitridation occurs by gas phase reactions, largely between SiO(g),@)dhd to a lesser extent between Si(g) and
N,(g). It has been postulated that during formation of RBSN the major growtSiX, occurs by vapor phase
reactions and that @Si,N, occurs in the liquid phase and, to a minor extent, as a result of the reaction between the
solid silicon and nitrogen. Relevant details of this mechanism will be described here and used in later sections to
explain the nitridation data generated in this study. According to accepted models, nitridation starts with devitrification
of the silica layer and a reaction between the silica layer and silicon that results in SiO (g). The SiO subsequently reacts
with N, to form either SN, or a combination of 9N, and SJN,O. The series of reactions that control nitridation are as
follows:

Si(s) + SiQ(s) = 2Si0(g) 1)

2Si(s) + Q(g) = 2SiO(g) )
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Si(s) + HO(g) = SiO(g) + Hg) ©)

Si0(s) + H(g) = HO(g) + SIO(g) (4)
35i0(g) + 2M(9) = SIN(s) + 1.5Q() (5)

or
25i0(g) + N(g) = SIN,O(s) + 0.5Q(0) (6)
H,0(g) = H(g) + 0.50(g) )

The preceding equations indicate that the SiO(g) required for gas phase nitridation is generated by four likely
reactions: silica reacting with silicon (Eq. (1)), and residual oxygen or moisture in the nitrogen reacting with silica and
silicon to actively oxidize silicon (Egs. (2) to (4)). The thermodynamic analysis of Giridhar and Rose [14] showed that
for the formation of SN,O(s) and SN,(s) in N,at 1250°C, oxygen partial pressures,jfof <10°* and <10° atm,
respectively, must be maintained in the reaction zone. At higher temperatures, even frigheiréments favor the
nitridation reaction. Of the four equations controlling SiO pressure, calculations show that Egs. (1) and (4) are the
dominant ones. Equation (1) indicates that there is a theoretical maximum value of SiO(g), which primarily varies with
nitridation temperature. Although SiO may also be generated from active oxidation of silicon, its concentration from
this reaction is limited by the residual oxygen in the nitriding gas (<5 ppm), which contributes minimally to SiO(g)
formation. Therefore, it has been argued that the partial pressure of SiO(g) is not determined by resitt)al Gut
by the devitrification of Sig¥s) to form SiO(g) via Eq. (1), and by the nitridation temperature via Eq. (4). The most
likely scenario for nitridation is that the S{€) layer reacts with Si(s) via Eq. (1) and then wiffgHvia Eq. (4) to
form SiO(g), thereby fixing the partial pressure of SiO at the nitridation temperature. As the nitridation temperature
increases, the partial pressure of SiO(g) also increases, thus favoring the nitridation reaction. The SiO generated reacts
with N, as shown in Egs. (5) or (6). The oxygen liberated at this stage competes with nitrogen for the silicon surface
exposed by the first reaction (Eq. (1)), severely limiting the nucleating sites for the nitridation reaction. Because
nitridation occurs primarily by gas phase reactionspifieSiN, ratio observed was between 7 and 10 [3,5,11-13].

According to the preceding model, adding small amountstof{ favors SiO nitridation even more. The O
generated by Egs. (5) and (6) reacts witfioHorm water and is thus removed and prevented from recombining with
the exposed Si surface, which greatly enhances the extent of the reaction at lower temperaturgslayhssddal
role in the nitridation of silicon: reduction of the native silica layer on silicon, and gettering the oxygen liberated during
early stages of the nitridation reaction. The latter process keeps the surface of the silicon powder clear of silica for
longer times, thus allowing the nitridation reaction to continue. On the basis of thermodynamic arguments alone,
o-SiN,is favored over the oxynitride when hydrogen is present in the gas phase. The experimental data of Borsom
et al. [13], Rahaman et al. [16], and Mangels [15] strongly support the dual role played by hydrogen in enhancing
nitridation kinetics.

An increase in the nitridation rate with the addition of a transitional metal oxide is well documented [17]. The
addition of up to 1000 ppm of iron has been shown to increase the nitridation rate. A decrBasitig of SiN, with
increasing iron has been found to be consistent with eutectic liquid formation in the Fe-Si system, which favors
B-Si,N, formation and an- to 3-Si,N, transformation. The increased rate of nitridation has been attributed to three
main factors: (1) devitrification of the inherent Sl&yer, possibly by providing nucleation sites for the devitrification
process [18-22]; (2) formation of low-temperature silicide phases [3,17] that provide alternate rapid nitrogen diffusion
paths, which stimulate production@4Si,N, [17] and act as a source of volatile silicon (a precursor for one of the
accepted mechanism @fSiN, synthesis) [20]; and (3) promation of the formation of atomic nitrogen as in catalysis of
ammonia synthesis [23].

From the general mechanism of nitridation just described, we can analyze the effects of surface area, nitridation
environment, polymer char, transitional metal impurities, and oxidation on the nitridation kinetics of attrition-milled
silicon powders.

As stated previously, the attrition-milled silicon powder used contained a small amount (<0.02 wt%) of iron
impurity. Only in a nitrogen environment does iron-induced crystallization of the native oxide layer occur, thereby
exposing the underlying Si. After devitrification of the silica, nitridation is dictated by the rate of formation and growth
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of the SIN, nuclei. Here, particle size is a major influence. With decreasing particle size, the nominal surface area
increases, which increases the nucleation sites per unit volume and promotes the conversion, i, BittikeSi
reducing the influence of extraneous and intrinsic impurities on the nitridation kinetics.

The nitridation data show that tbéd ratio of the nitrided compacts decreases with increasing surface area at both
nitriding temperatures, whereas th&iN, andB-SiN, content increases; however, in nitrided compacts containing
Si,N,O, thea-SiN, content is much lower than tBeSi,N, content.

Also noteworthy is that, at a given nitridation temperature, the ratio of oxygen in the compacts after and before
nitridation is invariant with surface area, but it decreases with increasing temperature of nitridation. Recall from our
earlier discussion that according to Eq. (1) SiO concentration in the reaction zone increases with the nitridation temper-
ature. Therefore, an increase in percent nitridation for a given time and a decrease in oxygen ratio with an increase in
nitridation temperature is probably related to SiO nitridation and reduction of the silica layer.

A decrease in the ratio with an increase in surface area suggests that nitridation of powder compacts with lower
surface area probably takes place primarily by gas phase reactions (i.e., SiO or Si reactijgandttiidt nitridation
of powders with higher surface area occurs by liquid phase reactions. A gradual change in the nitridation mechanism
with increasing surface area is probably due to the accumulation of yttrium, and possibly aluminum, impurities and the
reaction between these impurities and silica to form complex silicates. In the ternary phase diagta\bOy, and
SiO,, the lowest liquidus temperature reported is 1324524]. Furthermore, the iron impurity may also react with the
silica layer on the surface of the as-received and attrition-milled powders to form a liquid phase. It has been reported
that the iron impurities in commercial grade silicon will form molten FaSiitriding temperatures above 12@7
[3,17]. Although liquid phases may be a contributing factor to the enhanced diffusion of nitrogen, we cannot rule out
the role played by increased surface area (decreased patrticle size), subsequent to attrition milling, in increasing the rate
of formation and growth of $i, nuclei. To determine the relative importance of liquid phases versus increased surface
area (and thus, increased nucleation) effects on nitridation kinetics, compacts prepared from a blend of silicon powder
(SA = 9.3 n¥g) and 0.5 or 0.2 wt% AD, were nitrided at 1356C in N,. The data were compared with the nitridation
data of the compacts under similar conditions without the additives. Results showed that the liquid phase enhanced the
nitridation kinetics initially, but the percentage conversion after 4 hr of nitridation remained nearly the same; this
indicates that a liquid phase without adequate nucleation and growth characteristics may not yield a high degree of con-
version. Therefore, it can be concluded that surface area, and hence nuclei density per unit volume, plays a dominant
role in the degree of conversion after the silica layer on the surface of silicon is disturbed.

Small additions (4 to 5 percent) of Br NH, to nitrogen had a greater influence on the nitridation kinetics of lower
surface area (9.3%g) attrition-milled powders than on those of higher surface area?§p he dramatic effects that
small additions of HHmade on the extent of the reaction are consistent with arguments suggesting that the gettering
action of H reduces the silica layer and creates new nucleation sitea-Sit)é, content of low-surface-area compacts
nitrided in the N+4%H, mixture was significantly higher than that of the compacts nitrided atoNe. This suggests
SiO nitridation is favored in lower surface area powders in the presengdrotehtrast, the nitridation environment
had little effect on the nitridation kinetics of high-surface-area powder compacts. Perhaps this behavior is related to the
high density of SN, nuclei and the faster diffusion of, Mhough the molten complex silicates. These data are similar to
those reported by Rahaman and Moulson [16] on the nitridation of silicon after removal of the silica layer.

The carbon char in silicon powder after polymer pyrolysis can serve three functions during the nitridation of
silicon; two of these are similar to the action gfi¢., gettering of residual oxygen by forming CO or,G@d reduc-
tion of the silica layer on the surface of silicon), and the third is its possible reaction with silicon to form SiC once the
silica layer is removed. The data, however, indicate that carbon char retards initiation of the nitridation reaction as well
as nitridation kinetics. This behavior is probably related to a loss of nucleation sites or to the poisoning of active centers
by carbon. The degree of retardation depends on the type of carbon: polymer derived carbon inhibits more than
activated carbon does.

The intentional addition of NiO to high-surface-area silicon powder increases the nitridation rate. In such cases,
compacts can be completely nitrided within 2 hr at 1250 or 135Certainly the liquid phase formed because of NiO,

SiO,, and other impurities plays a dominant role in the diffusion of nitrogen and in nitridation. The oxygen present in
the compacts containing NiO that were nitrided at 1°Z5& less than in those nitrided without NiO, and it decreases
further with increased nitridation temperature. This indicates tiff fSrmation via gas phase reaction decreases with
increasing temperature when NiO is present.
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4.1 Nitridation of Oxidized Silicon Powder:

Preoxidation of high-surface-area attrition-milled powders delays the nitridation reaction and decreases the total
conversion in 4-hr nitridation at 128C. The greater the degree of oxidation, the greater the retarding effect on
nitridation kinetics. Results also show that whelisFdded to I\ the incubation time is reduced and nitridation is
enhanced. From a practical point of view, this behavior suggests that even if a high-surface-area powder is mildly
oxidized during aqueous slurry processing and consolidation, complete nitridation of the compact can be achieved.

Retardation of nitridation kinetics due to oxidation of laser synthesized high purity silicon powders has been
reported by Sheldon and Haggerty [11]. They attributed the increased incubation period for nitridation to a decreased
nucleation rate of 9\, with increasing oxidation. In this study, the retardation iy arNironment and enhancement in
a N+H,environment are probably related to nucleation and diffusion tifdégh the silicate. It is hypothesized that
because of oxidation, nucleation density decreases aditfision through the silicate also decreases since viscosity is
increased. In the presence gf the thickness of the silica or silicate layer is reduced; thus the silicon is directly
exposed to Nand nucleation is increased. Both favor enhanced nitridation. Another way to overcome the oxidation
effects on nitridation kinetics is to add a nitride-enhancing additive, as the data shown in Fig. 9 suggest. From a
practical point of view, these data are encouraging because, even if the high-surface-area silicon powder were partially
oxidized during slurry preparations, complete nitridation could be achieved at low temperatures, either by nitriding the
compact in the presence of &t by adding nitride-enhancing additives.

In summary, high-surface-area silicon powders can be prepared by attrition milling. However, prolonged attrition
milling results in contamination of the silicon powder. Experiments indicate that a lower temperature, shorter duration
nitridation cycle (suitable for processing RBSN composites reinforced by small diameter SiC fibers) can be developed
by controlling the particle size and purity of the silicon powder. The RBSN material processed from relatively pure,
submicron silicon powders from attrition milling contained large amounts of silibaOSandB-Si,N,. Commercial
RBSN material processing is optimized to achieve high amountSgR,, which is known to improve the high-
temperature properties of RBSN. The influence of silica afN]\Giphases on the high-temperature properties of the
RBSN fabricated in this study is not known and certainly warrants further investigation.

5.0 SUMMARY OF RESULTS

The surface area of commercially available silicon powder was increased by wet attrition milling to facilitate
processing and conversion to silicon nitride. The sensitivity of high-surface-area silicon powders to oxidation in air and
under RBSN processing conditions was evaluated. The influences of surface area, polymer char, a nitride-enhancing
additive, the nitridation environment, and preoxidation on the nitridation kinetics of the powder compacts were
investigated. Key findings are as follows:

(1) Silicon powders that were attrition-milled in an inert solvent contained native silica and showed no tendency
for further oxidation, even after exposure to air for a month or to deionized water for 4 days. However, these powders
did oxidize after a 24-hr exposure to acidic or basic solutions.

(2) At a given temperature, as the surface area of the silicon powder increased, so did the percent nitridation after
4 hr, but thexB ratio decreased. Silicon powders having a surface area dfgi@mrarger could be nitrided to
70-percent conversion or greater in 4 hr at 1Z50r above.

(3) Residual carbon char in, or preoxidation of, high-surface-area silicon powder delayed the start of the nitridation
reaction, but the reaction did proceed to a significant degree.

(4) The nitridation environment had no significant influence on the nitridation kinetics of high-surface-area silicon
powder compacts.

(5) At 1250°C or greater, the addition of small amounts (0.4 to 0.6 wt%) of transition metal impurities, Ni or Fe,
or both, was sufficient to completely nitride the compacts prepared from the high-surface-area silicon powder.

(6) Preoxidation of high-surface-area silicon powder compacts retarded nitridation kinetics. However, the
deleterious effects of oxidation could be avoided by nitriding the preoxidized compacts jrHgmiikture or by
adding nitride-enhancing additives.
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(7) Deuvitrification of the silica layer by impurities, followed by the formation of a glassy phase due to the reaction
of silica with the yttria and alumina impurities (from erosion of the grinding medium during attrition milling) and an
increased density of nucleation with decreasing particle size were responsible for enhanced nitridation of high-surface-
area powders.

6.0 CONCLUDING REMARKS

High-surface-area silicon powders required for RBSN composite fabrication can be prepared by attrition milling
commercially available silicon powders. However, during attrition milling, wear of the grinding medium invariably
introduces impurities into the silicon powder. Although high-surface-area silicon powders do not show a tendency for
further oxidation in ambient air, they do oxidize after prolonged exposure to aqueous acidic or basic solvents. This
suggests that the aqueous based silicon slurries for RBSN processing may have a limited shelf life. However, by
controlling the particle size of, and impurities in, the attrition-milled silicon powder, a low-temperature RBSN pro-
cessing cycle that is cost effective, yields complete conversion of silicafNjpe®id is benign to commercially
available small diameter SiC fibers can be developed for processing SiC/RBSN composites.
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TABLE |.—PARTICLE SIZE, SURFACE AREA, AND IMPURITY
ANALY SIS OF AS-RECEIVED SILICON POWDER

Average particle size, um 2312
Surface area, m?/g 13
Inpurities, wt%
Carbon 001
Iron 0.02
Oxygen 07
Impurities, ppm
Aluminum 0.002
Chromium 002
Nickel 0.006
Yttrium 0.002

TABLE II.—PARTICLE SIZE, SURFACE AREA, AND IMPURITY ANALY SIS OF
ATTRITION-MILLED SILICON POWDERS

Milling Average Specific Oxygen, Yttrium Aluminum,
time, particle surface wit% content ppm
hr size, um area, m?/g
2 15.94 36 101 0.002 ppm 30
8 144 96 145 .002 ppm 40
32 5 30 371 .06 wt% 120
48 A8 63 8.87 17 wt% 200

TABLE I1l.—OXYGEN CONTENT OF 48-HR-ATTRITION-
MILLED SILICON POWDER (SA = 63 m?/g) EXPOSED
TO AIRAND TO AQUEOUS SOLUTIONS

Exposure time, Oxygen content,
days wit%
As-milled
0 | 770+119
Dry air
124 758
1 7.56
7 797
30 7.27
Deionized water; pH = ~7
1 7.90
4 7.79
Acidic solution; pH = ~3
1 6.4+ 0.75
4 19.2
Basic solution; pH = ~9
1 6.32+053
4 158+28

TABLE IV.—SURFACE AREA EFFECTS ON PHASE COMPOSITIONS AND OXY GEN
RATIO OF SILICON COMPACTS NITRIDED IN N AT 1250 °C FOR 4 HR

Surface Si;N,, wt% alf Unreacted | Oxygen ratio* | Weight gain,
area, ratio silicon, percent
wt% a B wt%

13 37 0 --- 9%.3 071 080

36 6.7 1 6.7 922 63 360

96 123 62 21 8L5 .9 1004

30 263 24.3 12 494 76 2308

63 401 36.6 109 234 72 3212
2Ratio of oxygen after nitridation to oxygen before nitridation.
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TABLE V.—SURFACE AREA EFFECTS ON PHASE COMPOSITIONS AND OXYGEN RATIO OF
SILICON COMPACTS NITRIDED IN N,AT 1350 °C FOR 4 HR

Surface a-SigN,, | B-S;3N,, alf Unreacted Si,N,O, | Oxygen Wt. gain,
area, m3/g wt% wt% ratio silicon, wt% wit% ratio? percent
13 186 28 6.64 786 0 06 6.80
36 268 71 377 66.1 0 59 13.70
96 342 14 244 517 0 67 26.48
30 34 365 e 295 0 68 34.20
63 91 735 12 10.7 6.8 67 36.10

@Ratio of oxygen after nitridation to oxygen before nitridation.

TABLE VI.—EFFECTS OF NITRIDING ENVIRONMENT AND TEMPERATURE
ON PHASE COMPOSITION AND OXYGEN RATIO OF NITRIDED 8-HR-
ATTRITION MILLED SILICON POWDER COMPACTS (SA = ~9.6 m?/g)

[Duration of nitridation = 4 hr.]

Nitriding environment SizNy, a/B | Unreacted [ Oxygen
wt% ratio silicon, ratio®
o B wt%
At 1250 °C
N, 175 69 254 756 090
N,+4%H, 59.7 78 7.65 326 9%
N, +5%NH. 60.8 73 8.33 319 89
At 1350 °C
N, 342 140 244 517 0.67
N, +4%H , 483 3384 126 133 .79
N, +5%NH. 52.7 284 186 19 2

#Ratio of oxygen after nitridation to oxygen before nitridation.

TABLE VIl.—EFFECTS OF NITRIDING ENVIRONMENT AND TEMPERATURE ON PHASE
COMPOSITIONS AND OXYGEN RATIO OF NITRIDED 48-HR-ATTRITION-MILLED
SILICON POWDER COMPACTS (SA = ~63 m2/g)

[Duration of nitridation = 4 hr.]

Nitriding Si;N,, alf Unreacted silicon, | Si;N,O, Oxygen
environment wt% ratio W% wit% ratio?
a B
At 1250 °C
N, 154 485 032 331 34 0.77
N,+4%H , 155 580 27 197 68 f:c]
N,+5%NH, 147 575 26 20.7 71 93
At 1350 °C
N, 91 735 012 10.7 6.8 0.66
N,+4%H , 85 759 1 156 0 8
N,+5%NH, 31 773 o} 76 119 87

@Ratio of oxygen after nitridation to oxygen before nitridation.
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Figure 1.—Nitridation behavior of as-received
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